Brain tumor patients treated with radiotherapy (RT) often develop cognitive dysfunction, and recent studies suggest that the APOE ε-4 allele may influence cognitive outcome. The ε-4 allele is known to promote beta (β) amyloid deposition in the cortex, and preliminary evidence suggests that RT may be associated with this process. However, it is unknown whether β-amyloid accumulation contributes to treatment neurotoxicity. In this pilot study, we assessed neuropsychological functions and β-amyloid retention using 18 F-florbetaben (FBB) PET in a subset of brain tumor patients who participated in our study of APOE polymorphisms and cognitive functions. Twenty glioma patients treated with conformal RT ± chemotherapy participated in the study: 6 were APOE ε-4 carriers and 14 were non-ε-4 carriers. Patients completed a neuropsychological re-evaluation (mean time interval = 5 years, SD = 0.83) and brain MRI and FBB PET scans. Wilcoxon signed-rank test comparisons between prior and current neuropsychological assessments showed a significant decline in attention (Brief Test of Attention, p = 0.018), and a near significant decline in verbal learning (Hopkins Verbal learning Test-Learning, p = 0.07).
Introduction
Patients with brain tumors treated with radiotherapy (RT) ± chemotherapy (CHT) often develop cognitive dysfunction that interferes with their quality of life. It is considered the most frequent complication among long-term survivors [1] , with deficits in attention, executive functions, learning and retrieval being the most prevalent [2] . The delayed effects of RT may occur years after treatment, and are thought to produce progressive damage through vascular injury, disruption of oligodendrocytes and normal myelin turnover, and neurodegeneration [3] [4] [5] [6] . The combination of RT and CHT may have an additive neurotoxic effect [7] . Preliminary evidence from an autopsy study of brain tumor patients suggested that RT was associated with an increase in beta (β) amyloid deposition, especially in the form of amyloid angiopathy [8] , a pathologic finding in Alzheimer's disease (AD). A more recent study of mice exposed to particle irradiation furthered this hypothesis as an increase in β-amyloid plaque pathology was noted [9] .
The Apolipoprotein E (APOE) ε-4 allele is common in the population with 25% carrying at least one ε-4 allele, and is a known genetic risk factor for AD [10] . The ε-4 allele is associated with decreased neuronal growth and repair [11] and promotes β-amyloid deposition in brain tissue [12, 13] . Studies using amyloid imaging with positron emission tomography (PET) showed increased β-amyloid retention in the frontal, temporal, parietal and cingulate cortices in AD patients compared to age-matched controls [14] , particularly in APOE ε-4 carriers [15, 16] . Increased amyloid deposition was also reported in patients with head trauma, epilepsy, and cerebrovascular disease carrying the APOE ε-4 allele, suggesting that it may have an important role in neuronal repair and plasticity after a variety of brain injuries [17] [18] [19] .
We reported that brain tumor survivors treated with RT ± CHT or CHT alone who were carriers of at least one APOE ε-4 allele (n = 50) had significantly lower scores in learning and delayed recall, and a trend toward worse performance in executive functions, relative to non-ε-4 carriers (n = 161) [20] . However, it is unknown whether brain tumor patients treated with RT ± CHT who are APOE ε-4 carriers are at increased risk for progressive cognitive decline or β-amyloid retention. In this pilot study, we assessed neuropsychological functions and β-amyloid retention using 18 F-florbetaben (FBB) PET in a subset of APOE ε-4 allele carriers and non-carriers [20] .
Materials and methods

Subjects
Twenty brain tumor patients were recruited from a cohort of patients who participated in our study of APOE polymorphisms and cognitive functions [20] . The plan was to recruit equal numbers of APOE ε-4 allele carriers and non-ε-4 carriers, and the sample size was determined partly based on patient availability, considering that 19 APOE ε-4 allele carriers and 60 non-ε-4 carriers treated with RT ± CHT remained on active follow-up. Study eligibility included: participation in the prior study (protocol #09-151) and provision of consent to have DNA stored and genotyping results used in future studies; completion of treatment with RT ± CHT; in stable disease remission on magnetic resonance imaging (MRI) scans prior to accrual. All patients provided written informed consent. Patients underwent a neuropsychological re-evaluation and brain MRI and FBB PET scans.
Measures
Neuropsychological assessment
Patients completed a neuropsychological re-evaluation including tests used previously [20] . The test battery was re-administered by a neuropsychologist (DDC) or a trained research assistant. Cognitive raw test scores were compared with published normative values according to age, and converted into z-scores. 
Neuropsychological tests
Genetics
APOE epsilon allelic data were available for all patients as previously described [20] .
Imaging acquisition and reconstruction
Patients underwent a brain MRI on a 3 T scanner (GE, Milwaukee, WI), and three-dimensional high-resolution T1-weighted magnetization prepared rapid gradient echo acquisition (MPRAGE) and fluid attenuation inversion recovery (FLAIR) sequences were acquired. PET images were acquired using a PET/CT scanner (DSTE; GE Healthcare) operating in three-dimensional mode. Patients were injected with a single dose of 300 MBq of FBB in a slow intravenous bolus injection, and allowed to rest for approximately 90 min. Patients were immobilized in a PET head holder and had a low-dose CT scan for the purpose of MRI image registration and attenuation correction, and a 20-min static PET acquisition scan of the brain starting at 90-110 min after injection. The resulting PET-MRI data sets were exported to HERMES software (Hermes Medical Solutions Inc. Greenville N.C.) for analysis. Each dose of FBB was delivered by Piramal Imaging on the same day as the scheduled PET study for each patient, in accordance with the applicable regulatory guidelines. The MRI and PET scans were performed on the same day. The 3D co-registration of PET-CT to MRI was performed using an algorithm available in the HERMES software which adjusted the relative alignment of the scans seeking to maximize the mutual information between the anatomical CT and T1 and FLAIR MRI data sets. The PET emission data was re-sampled using the same transformation matrix as was applied to the CT to yield registered PET-MRI scans.
Image analysis-FBB PET
Visual assessment (VA) of the PET scans was performed by a clinically certified reader (J.O.) using a standard regional cortical tracer uptake (RCTU) scoring system [26] (1 = no tracer uptake, 2 = moderate tracer uptake, 3 = pronounced tracer uptake) in four brain areas (lateral temporal cortex, frontal cortex, parietal cortex, posterior cingulate). To make this VA semiquantitative, standardized uptake values (SUVs), defined as the decay corrected brain radioactivity concentration, normalized for injected dose and body weight, were calculated for the following brain regions of interest (ROIs) for all patients, on both hemispheres where appropriate: frontal cortex, lateral and medial temporal cortices, parietal cortex, occipital cortex, posterior and anterior cingulate cortex, cerebellar cortex, thalamus, putamen, periventricular white matter (centrum semiovale), and pons. These ROIs were selected based on studies of β-amyloid retention in AD patients [27] and manually defined by a radiologist blinded to the patients' clinical history and APOE ε-4 status using the co-registered FLAIR MRI-PET images (Fig. 1) . The tumor and resection cavity were manually traced and excluded from the ROIs based on the MRI images, if applicable.
For each ROI, we recorded average, median, minimum, maximum and standard deviation of the SUV voxel intensities (SUV av, SUV med , SUV min , SUV max , SUV σ ) of the individual voxel intensities. These data describe the uniformity and dispersion of FBB within each ROI, and allow the measurement of the region-to-region variability within a given patient. Regional SUV ratios (SUVRs) were computed by dividing the regional SUV av of a given region by the SUV av caudate head, putamen, thalamus; e parietal cortex and right frontal lesion; f anterior and posterior cingulate cortex, white matter, and left frontal lesion from the cerebellar cortex. The cerebellar cortex was chosen as a reference region as it has been reported to be without β-amyloid deposition in AD patients [26] , and this region was not included in the RT field for any of the patients. A composite SUVR-neocortex score was derived for each patient as described by Bullich et al. [28] , by averaging the mean value of the SUVRs from six cortical regions (frontal, parietal, lateral temporal, anterior and posterior cingulate and occipital cortices).
Wilcoxon rank-sum tests were used to compare SUVRs in each ROI and the neocortex composite score between the APOE ε-4-carrier and ε-4-non-carrier patient groups. Spearman's rank correlations were used to assess the association between regional SUVRs and cognitive test z-scores.
Demographic and neuropsychological tests analyses
Descriptive statistics for demographic variables were generated with frequencies for categorical variables and with means and standard deviations, or median and ranges as appropriate for continuous variables. Demographics were compared between APOE ε-4-carriers and non-carriers using Wilcoxon rank-sum tests for continuous variables and Fisher's exact tests for categorical variables. Wilcoxon signed-rank tests were used for comparisons of cognitive test z-scores between the prior and current evaluations for all patients, and Wilcoxon rank-sum tests were used for comparing z-scores between APOE ε-4-carrier and ε-4-non-carrier patient groups.
Results
Patient characteristics
Twenty patients participated in this study, including six carriers and fourteen non-carriers of the APOE ε-4 allele. The target accrual of equal numbers of APOE ε-4 carriers and non-carriers was not reached as only six of the nineteen ε-4 carriers who were on active follow up agreed to participate. Among the 20 patients enrolled, 14 (70%) had high-grade gliomas (anaplastic astrocytoma), glioblastoma, and 6 (30%) had low-grade gliomas (astrocytoma, oligodendroglioma). Seventeen patients (85%) had conformal fractionated RT and CHT, and 3 (15%) had conformal RT-only; RT dose ranged from 54 to 60 Gy. CHT regimens included temozolomide (70%), and carmustine or other agents (30%). Only one patient had disease relapse between the time of participation in the initial and the current study, and had completed treatment with temozolomide approximately 1 year prior to the current enrollment. There were no significant differences in demographic, disease or treatment history for the 20 patients according to APOE ε-4 status ( Table 1) .
Neuropsychological functions
All 20 patients had an initial neuropsychological assessment [20] , and had completed treatment at a mean of 4 years (SD = 3.4) at the time of our prior study (Time 1). These patients were re-evaluated in this pilot study approximately 5 years later (mean = 5.21 years, SD = 0.83) (Time 2). The results of Wilcoxon signed-rank tests comparing neuropsychological test performance between prior (Time 1) and current (Time 2) assessments showed a significant decline in the BTA (p = 0.018), and a trend toward a significant decline in the HVLT-Learning (p = 0.07) for all patients ( Table 2) . Comparisons of neuropsychological test score changes between Time 1 and Time 2 by APOE status showed significant differences for the LDSF (p = 0.028) and LDSB (p = 0.032), with a decline in performance for APOE ε-4 carriers but not for non-ε-4-carriers (Table 3) .
FBB PET image analyses
VA of the PET scans performed by a certified reader demonstrated a characteristic FBB uptake pattern in the white matter, and no increased uptake in any cortical gray matter area. All patients received a RCTU score of 1 (no tracer uptake), which is considered a normal finding. Wilcoxon signed-rank test results showed no significant differences between the left and right hemispheres on any of the regional SUVRs. Therefore, all subsequent analyses combined left and right SUVRs for each ROI. There were no significant differences in any of the SUVRs between patients who were APOE ε-4 carriers and non-ε-4 carriers (Table 4 ). Figure 2 shows brain FBB PET images and co-registered PET MRI images for an APOE ε-4 carrier and for a non-ε-4 carrier patient.
There were no significant correlations between cognitive test z-scores and regional SUVRs after adjusting for multiple comparisons. Patients had no difficulties completing the MRI and PET studies and reported no adverse effects.
Discussion
The results of this pilot study showed that a subset of patients with gliomas treated with conformal RT ± CHT had continued decline in attention and verbal learning abilities over an approximately 9-year period, and that the APOE ε-4 allele may have influenced cognitive decline. The findings suggest that progressive worsening in aspects of attention and executive functions may occur over several years following RT ± CHT despite adequate disease control. Cognitive studies of long term survivors of brain tumors have included primarily patients with low-grade gliomas, considering their longer survival rates relative to those with high-grade gliomas [29] . However, a recent study [30] reported cognitive impairment across several domains in a small group of glioblastoma patients who survived more than 3 years. Taphoorn et al. [31] studied cognitive outcome in a large cohort of low-grade glioma patients (most 1-22 years post RT), in patients with hematologic cancers, and healthy controls. Glioma patients obtained lower scores than the cancer control group on graphomotor speed, visual memory, and executive functions, and some of the test scores declined over time only among those treated with RT. A follow-up study [32] included a subset of these glioma patients who underwent a re-evaluation at a mean of 12 years (range 6-28 years) after the initial assessment. Patients who received RT showed a further decline in attention, executive function, and processing speed, suggesting that both partial and whole brain RT was associated with cognitive dysfunction several years after treatment. Surma-aho et al. [33] assessed cognitive functions in low-grade glioma patients approximately 7 years post-RT ± CHT or surgical resection alone. Patients treated with RT had significantly lower scores in percent visual retention and estimated Performance IQ in comparison to those who did not receive RT. Our group [34] studied cognitive functions in 40 patients with low-grade gliomas; 16 had RT ± CHT 6 months-9 years prior to enrollment. Patients treated with RT ± CHT had lower scores in attention and executive functions, graphomotor speed, and memory than untreated patients. In the context of these studies, our results provide additional evidence that long term glioma survivors may continue to experience cognitive decline, possibly related to the combined effects of disease and treatment delayed effects.
We also examined longitudinal changes in neuropsychological functions according to APOE ε-4 status. The preliminary findings showed significantly worse performance over time in attention and working memory in carriers of at least one ε-4 allele relative to non-ε-4-carriers over an approximately 5-year period, suggesting that the ε-4 allele may increase susceptibility to continued cognitive impairment in long term survivors. Several studies described an association between the APOE ε-4 allele and diminished memory and executive functions in healthy middle-aged [35] and a faster rate of cognitive decline in older ε-4 carriers [36] . Abnormal modulation of cholinergic function described in association with the APOE ε-4 has been reported to influence attention in healthy older individuals [37] [38] [39] . Treatment with donepezil, an acetylcholinesterase inhibitor, has been shown to improve attention, motor speed and memory in brain tumor patients [40, 41] possibly through activation of the forebrain cholinergic system [42] . In our prior cross-sectional study of APOE polymorphisms and cognitive functions [20] , we described that the APOE ε-4 allele and additional SNPs in the APOE gene may increase the vulnerability of brain tumor patients to cognitive dysfunction. Studies in patients with breast cancer also described the role of the APOE ε-4 allele in moderating cognitive outcome [43] . Taken together, these reports suggest that the APOE ε-4 allele may influence cognitive outcome and contribute to the rate of decline in patients with cancer, and with brain tumors specifically.
It has been reported that in addition to reducing cholinergic integrity and function, the APOE ε-4 allele may increase β-amyloid deposition, disrupt neuronal repair, and influence the regulation of phospholipid and cholesterol following brain injury [44] . It may also accelerate age-related changes in the breakdown of myelin [45] . Studies using amyloid imaging with FBB PET showed increased β-amyloid retention in the frontal, temporal, parietal and cingulate cortices in AD patients compared to age-matched controls [14, 46] , particularly in APOE ε-4 carriers [15, 16] . In the context of these studies and preliminary evidence that RT may be associated with an increase in β-amyloid deposition [8] , we used FBB PET [27, 28, 46] to examine amyloid retention in glioma survivors according to APOE ε-4 status. The results showed no significant differences in regional SUVRs between APOE ε-4 carriers and non-ε-4-carriers. VA of PET scans showed FBB uptake in the white matter for all patients, which is consistent with tracer binding to the lipid-containing myelin sheath [47] and considered a normal finding. There was no increased tracer uptake in the grey matter for any of the patients. VA is used by clinically certified FBB PET readers to categorize scans as positive (moderate/pronounced RCTU) or negative (no RCTU) for beta amyloid deposition using a robust visual assessment method which was autopsy validated [48] . The addition of SUVR analysis made this assessment semiquantitative, but did not change the findings. The levels observed in our patients were not suggestive of RT effect altering the binding as the β-amyloid retention levels appeared unaffected by known patterns of focal therapy. These preliminary findings suggest that RT ± CHT and the APOE ε-4 allele may not be strongly associated with increased β-amyloid cortical retention in these glioma survivors, despite evidence of cognitive decline. Disruption of other pathways associated with the APOE ε-4 allele, such as reduction in cholinergic function and disruption of neuronal repair and myelin integrity may have influenced cognitive outcome in these patients. In addition to the small number of patients, some of the characteristics of our sample may have contributed to the negative FBB PET findings including: (1) treatment with conformal RT instead of whole-brain RT, resulting in more limited tissue exposure to radiation; (2) relatively young age of the sample considering that amyloid deposition increases with older age [49, 50] .
The findings of this study are interpreted with caution considering the small sample size and the unequal numbers of APOE ε-4 carriers and non-ε-4-carriers. The sample size may have limited the power to detect small to moderate size effects, and to study possible interactions with disease-related factors. For instance, we cannot exclude the possibility that the decline in working memory and verbal learning among all patients, and in attention and working memory in APOE ε-4 carriers was related to an interaction with other factors such as disease duration, tumor location as most patients had frontal lobe tumors, and treatment delayed effects. Despite these limitations, this is the first study to describe longitudinal changes in cognition according to APOE ε-4 status and to examine β-amyloid retention in long-term glioma survivors. Large scale studies including disease and healthy control comparison groups could assist in further clarifying the possible association among the APOE ε-4 allele, β-amyloid retention and neuropsychological function in this clinical population. The findings in the context of recent reports also highlight the importance of expanding these lines of research to include additional genetic polymorphisms that may influence cognition and treatment neurotoxicity [41] , which may ultimately lead to the identification of patients that may be at increased risk.
